Previous investigations of the incompatibility group F, P, and I plasmid systems revealed the important role of the outer membrane components in the conjugal transfer of these plasmids. We have observed variability in transfer frequency of three incompatibility group H plasmids (IncHI1 plasmid R27, IncHI2 plasmid R478, and a Tn7 derivative of R27, pDT2454) upon transfer into various Salmonella typhimurium lipopolysaccharide (LPS) mutants derived from a common parental strain, SL1027. Recipients with truncated outer core via the rfaF LPS mutation increased the transfer frequency of the IncH plasmids by up to a factor of 10 3 . Mutations which resulted in the truncation of the residues following 3-deoxy-D-manno-octulosonic acid, such as the rfaE and rfaD mutations, decreased the transfer frequency to undetectable levels. Addition of phosphorylethanolamine, a component of wild-type LPS, to the media decreased the frequency of transfer of R27 into wild-type and rfaF LPS mutant recipients tested. Reversing the direction of transfer, by mating LPS mutant donors with wild-type recipients, did not affect the frequency of transfer compared to the standard matings of wild-type donor with LPS mutant recipient. These findings demonstrate that conjugation interactions affected by LPS mutation are not specific for the recipient cell. Our results suggest that LPS mutation does not affect conjugation via altered pilus binding but affects some later steps in the conjugative process, and alteration of transfer frequency by O-phosphorylethanolamine and LPS truncation is due to charge-related interactions between the donor and recipient cell.
The incompatibility group H plasmids (IncH plasmids) are a component of the increasing problem of transmissible antibiotic resistance (19) . Members of incompatibility group H are large plasmids (greater than 180 kb), encode resistance to multiple antibiotics, and are temperature sensitive for transfer. They are frequently isolated from members of the genus Salmonella, although their host range extends to other enteric bacteria (10) . IncHI1 plasmids have frequently been found to encode multiple resistance to antibiotics in Salmonella typhi, whereas IncHI2 plasmids are responsible for antibiotic resistance in Salmonella typhimurium and other enteric organisms, such as Serratia sp. (20) . These plasmids also encode resistance in pathogenic Salmonella spp. responsible for gastrointestinal and systemic infections in humans and livestock. Even though the transfer of IncF, IncN, and IncP plasmids has been well characterized (5) (6) (7) , the transfer of IncH plasmids is poorly understood. A better understanding of transfer may be achieved through determination of properties of the recipient which affect transfer of the plasmids.
Conjugation in bacteria carrying the F factor can be separated into five distinct stages: (i) pilus binding to a receptor, (ii) formation of wall-to-wall contact, (iii) aggregate stabilization, (iv) DNA transfer, and (v) aggregate disassociation (2) . Efforts to identify components on the recipient cell which interact with the pilus have implicated lipopolysaccharide (LPS) and membrane protein components of the recipient bacteria (1). An OmpA outer membrane protein mutant has been shown to be a defective recipient for IncF plasmid transfer in liquid medium but not for R100 or F donors in plate matings (3) . Rough mutant recipient strains, arising from mutations in genes responsible for LPS outer core synthesis, were more proficient as recipients than smooth recipients with O polysaccharide. Plasmids from incompatibility groups FI, FII, M, J, and I␤ demonstrated higher frequencies of conjugation with rough than with smooth strains, whereas no difference was noted with plasmids of the T, L, P, N, and W groups. Reduced fertility of smooth recipients is believed to occur as a result of the O polysaccharide of LPS shielding the recipient from contact with the pilus and ultimately reducing the frequency of mating aggregate stabilization (15) . The LPS core region is essential for bacterial growth, and mutations affecting the inner core of S. typhimurium LPS are usually poor recipients for IncF and other plasmids (15) .
Recent findings by Frost et al. (3) have shown that the initial heptose (HepI) is essential for transfer of certain IncF plasmids, and the presence of extracellular O-phosphorylethanolamine (PEA) interferes with mating. Within the LPS inner core, the initial heptose substituted with pyrophosphatidylethanolamine (PPEA) arises from the transfer of PEA from phosphatidylethanolamine to phosphate-substituted heptose (HepI-P), producing HepI-PPEA. Following LPS translocation to the outer membrane, TolC, an outer membrane protein, is thought to remove PEA from HepI-PPEA, giving rise to HepI-P (16) . The removal of PEA by TolC is inefficient, producing heterogeneity in the cellular LPS. To better illustrate the heterogeneity of the molecule, the initial phosphate moiety in substituted heptose residues will be designated (P)PEA.
LPS mutations in S. typhimurium affecting the addition of the PPEA-substituted ␣-heptose, rfaC, rfaD, and rfaE, are of particular importance, as they are part of the broader class of mutant phenotypes defined as the deep rough phenotype. This phenotype is characterized by increased sensitivity to detergents and hydrophobic antibiotics, more than 90% reduction in porin proteins, 50% reduction in OmpA, and an increase in membrane phosphatidylethanolamine content. All of these factors are thought to be associated with the loss of the phosphate or PEA residue on the ␣-heptose (16) . Studies of various F-like plasmids (3) have shown that the (P)PEA substituent plays an integral role in efficient transfer of some plasmids. Yet the role of (P)PEA in mating is poorly understood, due to the many physiological changes accompanying (P)PEA loss.
This study examines the effect of LPS mutation on recipient ability, using IncH plasmids. We used the IncHI plasmid R27 and an R27::TnlacZ derivative, pDT2454, which is observed to be derepressed for transfer (24) . The IncHI2 plasmid R478, observed to consistently give higher frequencies of transfer compared with R27 (21), was also used. Using a series of isogenic S. typhimurium LPS mutants derived from S. typhimurium SL1027 (Table 1) , we determined transfer frequencies of the three plasmids tested present in Escherichia coli J-53 (Nal r ). We provide evidence that the LPS phenotype of both recipient and donor affects the frequency of transfer of the IncHI plasmids.
Effect of LPS inner core mutations on recipient ability of S. typhimurium. Due to the extremely low frequency of transfer of the IncH plasmids, it is necessary to assay total recipients converted to H ϩ phenotype, assuming complete saturation with donor cells; this is achieved by a large inoculum of donor bacteria and long mating incubation (21) . Donor and recipient cells were grown to saturation in Penassay broth (Difco Laboratories, Detroit, Mich.); equal numbers of cells were mixed and allowed to mate overnight at 27ЊC in brain heart infusion (BHI) broth (Difco Ltd., Basingstoke, Hampshire, England). Following mating, the numbers of total recipients and transconjugants were determined by diluting the cells in 0.05 M phosphate buffer and plating the suspension on appropriate selective media. The structure of LPS in S. typhimurium, along with mutations which affect various steps in LPS biosynthesis (12) , is shown in Fig. 1 .
Conjugation experiments in liquid medium were carried out with the IncH plasmids R27, pDT2454, and R478, and the results are summarized in Table 2 . The transfer frequencies of these plasmids were reduced to the limit of detection (less than 10
Ϫ8 transconjugants per recipient cell) in the S. typhimurium recipients with rfaE and rfaD mutations ( Table 2 ). In contrast, mutation of the inner core by rfaF increased mating efficiency relative to wild-type transfer frequencies for R27, pDT2454, and R478. Complementation of the rfaF mutation via transformation with a plasmid carrying the wild-type rfaF gene, pKZ110 (17) , reduced transfer frequency to the observed wildtype levels (data not shown).
The rfaI, rfaJ, rfaL, and rfaK mutations of the outer core LPS had little effect on recipient ability ( Table 2 ). The rfaH mutation, which is believed to be a positive regulator required for expression of several enzymes, including those responsible for addition of galactose (Gal) from UDP-Gal to Gal-deficient LPS cores (16) , had no obvious effect on H plasmid transfer.
Effect of plate mating on recipient ability of S. typhimurium. To determine the effect of solid surface mating in assays using (Table 3) . Differences in transfer frequencies, compared to wild-type levels, corresponded to those observed with matings in liquid medium ( Table 2) . Complementation of the rfaF mutation with pKZ110 reduced transfer to the observed wild-type levels. Effect of PEA on transfer efficiency. Mating efficiency in the presence of 0.1 M PEA (Sigma Chemical Company, St. Louis, Mo.) was determined by preincubating donor cells for 2 h with 0.1 M PEA and allowing the donor and recipient cells to mate on BHI agar containing 0.1 M PEA. Mating between E. coli J-53(pDT2454) donor bacteria and wild-type S. typhimurium or S. typhimurium with the rfaF LPS mutation was tested. Transfer frequency into wild-type S. typhimurium was found to decrease from 1.1 ϫ 10 Ϫ6 to 6.8 ϫ 10 Ϫ8 , while rfaF mutant recipient transfer frequency decreased from 1.4 ϫ 10 Ϫ3 to 1.8 ϫ 10 Ϫ7 . pDT2454 transfer from LPS mutant S. typhimurium donors to wild-type S. typhimurium recipients. To determine if the variability of mating frequency with LPS mutants was dependent on the recipient phenotype and not donor phenotype, we tested transfer frequencies of the derepressed IncHI1 plasmid pDT2454 from rfaF mutant S. typhimurium to plasmid-free wild-type S. typhimurium recipients. Transfer from rfaF mutant donors to wild-type recipients was observed to be 1.4 ϫ 10 Ϫ3 , compared with 3.0 ϫ 10 Ϫ3 transconjugants per recipient as observed in transfers from wild-type donors to rfaF mutant recipients. In the context of 2-log increases or decreases in transfer frequency observed between rfaF mutant and wildtype recipients, this change not considered significant.
Conclusions. These experiments demonstrate that the alteration of the surface structures caused by mutations leading to LPS truncation results in alteration of transfer into S. typhimurium with the three IncH plasmids tested: R27, pDT2454, and R478. Changes in transfer frequency of IncH plasmids into LPS mutant recipients do not correspond to observations made in the IncF and IncP systems (3, 15) , which may be due to donor and recipient interactions specific for the incompatibility group. Therefore the proteins involved in the initial steps in conjugation may not be conserved throughout the different plasmid systems.
Mutations in the LPS biosynthetic pathway which leave intact a minimal inner core structure, such as the rfaF (Tables 1  and 2 ) and rfaG (data not shown) LPS mutations in S. typhimurium, appear to allow these strains to transfer IncH plasmids at higher frequencies. Maximum mating efficiency for the plasmids tested is observed with rfaF mutant S. typhimurium recipients. This finding indicates that the LPS outer core and oligosaccharide may interfere with one of the steps leading to H-plasmid transfer. Complementation of the rfaF phenotype with a wild-type gene indicates that the increase in transfer frequency is strictly due to the LPS phenotype.
The rfaD and rfaE mutant recipients are completely heptose deficient, and this clearly interfered with recipient ability for the IncH plasmids tested. The rfaD and rfaE mutations are responsible for heptose synthesis and attachment to the nascent inner core, and these mutations result in LPS truncation following the 3-deoxy-D-manno-octulosonic acid residue. Of these inner core mutations resulting in heptose-deficient cores, only rfaD mutant recipients displayed any detectable transfer. S. typhimurium strains with the rfaD mutation have been observed previously to be somewhat leaky (16, 17) . Mutations in the rfaD gene cause a defect in the epimerization of ADP-Lglycero-D-mannoheptose to ADP-L-glycero-L-mannoheptose, which is normally transferred to the inner core by the rfaC gene product. The rfaD mutation causes a buildup of ADP-L-glycero-D-mannoheptose, which has been observed occasionally to be incorrectly incorporated into the inner core. The incorporated ADP-L-glycero-D-mannoheptose allows continued core synthesis and leads to a heterologous population of LPS molecules, which contains some full-length LPS molecules (14) . Therefore, the observed increase in the transfer frequency of the IncHI2 plasmid R478 into rfaD mutant recipients, compared to rfaE mutant recipients, may be a result of the leaky nature of the rfaD mutation.
The effect of PEA addition on cellular physiology is poorly understood, but its effect on transfer of F plasmids well characterized (3). Addition of PEA to the medium may lead to increased presence of HepI-(P)PEA in the inner core. This may be caused by inhibition of the inefficient cleavage of the HepI-(P)PEA by membrane-bound TolC, via a shift in the kinetic equilibrium by the relatively large PEA concentration in the medium.
Reciprocal transfer of pDT2454 from the rfaF or rfaE mutants of S. typhimurium to wild-type S. typhimurium recipients showed no variation from that observed in wild-type hosts donating to LPS mutant recipients. Therefore changes in mating efficiency due to LPS mutation is not dependent on the (15) . Therefore, the (P)PEA substituent appears to mask the charge of the phosphate group. This masking of the overall outer membrane charge by increased PEA presence in the LPS may be responsible for the decreased transfer frequencies observed in the presence of 0.1 M PEA. It is possible that plasmid transfer benefits from a charge interaction between HepI-P and components present in either the donor or recipient cell. In turn, the masking of the phosphate's charge through increased HepI-PPEA content in the membrane may be detrimental to efficient plasmid transfer.
Molecular modeling of the S. typhimurium LPS by Katowsky et al. (8) is consistent with the results of our transfer experiments. Two of their conclusions are of particular relevance to our study: (i) the LPS core is a rigid structure, perpendicular to the outer membrane, with the O polysaccharide at a 90Њ angle to the core, and is believed to form a felt-like network over the cell surface; and (ii) the phosphate group on the HepI is always exposed to the media.
The felt-like network formed by LPS containing O polysaccharide does not appear to physically interfere with the efficient transfer of the IncH plasmid, as truncation of the LPS prior to the O polysaccharide has little effect on H plasmid transfer. Our study has shown the importance of the HepI-(P) PEA residue and effects of altered phosphorylation of the HepI residue due to increased PEA in the media, while molecular modeling demonstrates that this group will always be exposed and may possibly interact with the partner cell. Complete removal of the HepI, and therefore removal of the HepI-(P)PEA via the rfaD and rfaE mutations, may decrease transfer due to the absence of this (P)PEA moiety. Regardless of the exact affect of PEA on substitution of HepI-(P)PEA, PEA hinders IncH plasmid transfer, indicating that the charge of the HepI substitution is involved in transfer. Truncation of the LPS by the rfaF mutations may increase the stability of the mating aggregate by allowing easier access to this charge. As LPS mutation affects transfer regardless of whether the mutant acts as donor or recipient, it appears that LPS does not affect pilus recognition or attachment but most likely results in the formation of more stable aggregate between donor and recipient.
